Natriuretic peptide type C (NPPC) activation of the guanylyl cyclase-linked natriuretic peptide receptor (NPR) 2 maintains oocyte meiotic arrest. Luteinizing hormone (LH)-dependent epidermal growth factor (EGF) receptor signaling elevates calcium of cumulus cells to inactivate NPR2, resulting in meiotic resumption. This study investigated the regulatory mechanism of calcium on NPR2 inactivation. In mouse ovarian follicles, LH, through the activation of EGF receptor, significantly elevated calcium levels in cumulus cells, but decreased the binding affinity of NPR2 for NPPC. In cultured cumulus-oocyte complexes, the activation of EGF receptor by EGF mobilized intracellular calcium of cumulus cells to decrease NPR2 affinity and cGMP levels, resulting in meiotic resumption. However, hormone treatments had not changed NPR2 protein levels. In addition, the removal of magnesium ions from the medium decreased the binding affinity of NPR2 for NPPC, resulting in a decrease in cGMP levels and meiotic resumption. It is concluded that magnesium ions are required to maintain functional NPR2, and that LH-dependent EGF receptor signaling mobilizes intracellular calcium of cumulus cells to reduce NPPC-NPR2 interaction that is required for meiotic resumption.
INTRODUCTION
Oocytes within antral follicles acquire the ability to complete meiosis [1] [2] [3] , but are held in meiotic prophase. The activation of natriuretic peptide receptor (NPR) 2 in response to its agonist, natriuretic peptide type C (NPPC), is essential for maintaining oocyte meiotic arrest [4] . NPR2, a single membrane-spanning guanylyl cyclase receptor [5, 6] , is expressed throughout the granulosa cells of the follicle, and is most concentrated in the cumulus cells directly surrounding the oocyte [4, 7, 8] . The agonist of NPR2, NPPC, is produced only in the mural granulosa cells (MGCs) [4] . Cyclic GMP produced by NPR2 in response to NPPC diffuses into the oocyte via gap junctions [4, [9] [10] [11] . In oocytes, cGMP inhibits oocyte-specific phosphodiesterase 3A activity and prevents cAMP hydrolysis, thereby sustaining cAMP levels sufficiently to maintain meiotic arrest [9, 10] .
Under basal conditions, NPR2 is phosphorylated on five serine residues and two threonine residues within its kinase homology domain, which is required for maximal NPPCdependent guanylyl cyclase activity [12] [13] [14] [15] . There is a correlation between dephosphorylation and the decrease in guanylyl cyclase activity [16, 17] , suggesting that NPPCdependent NPR2 activity is regulated by its phosphorylation state [12] . Upon NPPC binding, NPR2 is envisioned to undergo a conformational change, which derepresses the catalytic domain, and the catalytic activity of the receptor is dramatically enhanced, presumably by bringing the two carboxyl-terminal catalytic domains of the dimer together [12] . However, unlike many growth factor receptors, NPR2 phosphorylation is not increased upon binding to its agonist NPPC [12] . It is also reported that hormone treatment increases the effective NPPC concentration required to activate NPR2 to half its maximum level [16] , suggesting a decrease in the binding affinity of NPR2 for NPPC. Thus, there might be at least two mechanisms to decrease NPR2 guanylyl cyclase activity: dephosphorylation and the reduction of NPPC-NPR2 interaction [6, 16] .
The preovulatory surge of luteinizing hormone (LH) from the pituitary gland triggers meiotic resumption [18] [19] [20] by rapidly reducing NPR2 activity [17, 21, 22] . Further studies show that LH could decrease NPR2 activity by dephosphorylation [17] . The LH signaling is amplified by promoting the production of epidermal growth factor (EGF)-like growth factors in MGCs to transactivate EGF receptor of cumulus cells [23, 24] . EGF receptor-dependent events are involved in the rapid decrease of cGMP that is required for oocyte meiotic resumption [17, 21, 22, 25, 26] . Recent studies indicate that the activation of EGF receptor inactivates NPR2 by elevated calcium of cumulus cells [26] . It is reported that the elevation of intracellular calcium by sphingosine-1-phosphate reduces NPR2 phosphorylation, and increases the effective NPPC concentration required to activate NPR2 in a 293T cell line stably expressing NPR2 [16] , both of which may be involved in the reduction of NPR2 activity. However, the physiological mechanism underlying the decrease of NPR2 activity in cumulus cells is unknown. This study focuses on whether EGF receptor signaling-elevated calcium inactivates NPR2 by the reduction of its binding affinity for NPPC, and the possible mechanism is also investigated.
MATERIALS AND METHODS

Animals
Female ICR (CD-1) mice were purchased from the Laboratory Animal Center of the Institute of Genetics and Developmental Biology (Beijing, China) for all experiments. Mice, aged 21-23 days, had been injected with 5 IU of equine chorionic gonadotropin (eCG) 48 h before use to stimulate follicle development. In some experiments, the female mice were treated with 5 IU eCG, followed by 5 IU human chorionic gonadotropin (hCG). Mice were maintained according to the Guide for the Care and Use of Laboratory Animals (Institute for Learning and Animal Research at China Agricultural University). All animal protocols were approved by the Institutional Animal Care and Use Committee of China Agricultural University.
Chemicals and Hormones
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. The maturation medium was bicarbonate-buffered MEM-a with Earle salts, supplemented with 75 lg/ml penicillin G, 50 lg/ml streptomycin sulfate, 0.23 mM sodium pyruvate, and 3 mg/ml bovine serum albumin (BSA; fraction V).
Isolation and Culture of Follicles
To examine the effect of LH receptor signaling on calcium levels and the affinity of NPR2 for NPPC in cumulus cells, large antral follicles (350-400 lm) were dissected from eCG-primed mice, and cultured in maturation medium containing 2.5 lg/ml insulin and 5 lg/ml transferrin, supplemented with 1 lg/ ml LH, 1 lM AG1478 (EGF receptor inhibitor), 60 lM 8-(diethylamino)octyl-3,4,5-trimethoxybenzoate hydrochloride (TMB-8; intracellular calcium mobilization inhibitor), and/or 100 nM NPPC. The follicles were placed on Millicell culture inserts (PICMORG50; Millipore Corp., Billerica, MA), and the culture was carried out at 378C in an atmosphere with 5% CO 2 in air. Cumulus-oocyte complexes (COCs) were released from the follicles at the end of 2-h culture for the analysis of calcium levels and the binding affinity of NPR2 for NPPC in cumulus cells. Oocyte maturation was assessed by scoring released oocytes for germinal vesicle (GV) breakdown (GVB) after removal of cumulus cells at the end of 4-h culture. GVB was scored by absence of an obvious GV in the oocyte. In some experiments, the female mice were primed with eCG followed by hCG 48 h later, and COCs were collected from large antral follicles at 2 h after hCG treatment for the analysis of calcium levels and NPR2 affinity.
Isolation and Culture of COCs
To examine the effect of EGF receptor signaling on calcium levels and the affinity of NPR2 for NPPC in cumulus cells, COCs with the oocytes at the GV stage were collected from eCG-primed mice, and cultured in maturation medium only, or supplemented with 30 nM NPPC, 10 ng/ml EGF, 15 lM thapsigargin (calcium-ATPase inhibitor), 60 lM TMB-8, and/or 100 nM phorbol 12-myristate 13-acetate (PMA; protein kinase C activator). To examine the effect of magnesium ions on NPR2 affinity, COCs were cultured in the basic medium containing 114 mM NaCl, 3.2 mM KCl, 0.4 mM NaH 2 PO 4 , 24.9 mM NaHCO 3 , 5.6 mM glucose, 0.5 mM sodium pyruvate, 10 mM sodium DLlactate (60% wt/vol), 10 mM Hepes, 1 lg/ml phenol red, and 3 mg/ml BSA, supplemented with different concentrations of CaCl 2 and MgCl 2 . COCs with different treatments were collected at the end of a 2-h culture for the analysis of the binding affinity of NPR2 for NPPC and the cGMP levels. For oocyte maturation analysis, COCs were collected at the end of a 4-h culture.
Measurement of the Intracellular Calcium Levels of Cumulus Cells
Changes in the intracellular calcium levels were monitored by using Fluo 3-AM (Dojindo Laboratories, Kumamoto, Japan) as reported before [26] . After different treatments, COCs were collected and washed three times with PBS, and then incubated in maturation medium containing 5 lM Fluo 3-AM at 5% CO 2 and 378C for 20 min. Samples were rinsed three times with PBS and examined by a confocal laser-scanning microscope (A1R; Nikon, Tokyo, Japan). All quantifications were performed using ImageJ software (National Institutes of Health, Bethesda, MD). The fluorescence intensity (pseudocolor) in cumulus cells was analyzed after background subtraction, which represents the intracellular calcium levels.
Measurement of the Binding Affinity of NPR2 for NPPC in Cumulus Cells
The binding affinity of NPR2 for NPPC was monitored by using mono-5-[and 6]-carboxyfluorescein-labeled NPPC (FAM-NPPC; Phoenix Pharmaceuticals, Belmont, CA). This method with labeled ligand is widely used for location of the receptor proteins on the surface of cells [27] [28] [29] . COCs were collected from different treatments and incubated in the medium containing 100 nM FAM-NPPC at 5% CO 2 and 378C for 30 min, and then fixed with 4% paraformaldehyde for 2 min. After that, COCs were washed three times with PBS to remove the free FAM-NPPC. Fluorescence-labeled ligand binding was then assessed by a confocal laser-scanning microscope (Nikon A1R). All quantifications were performed using ImageJ software. For competition experiments, the COCs were incubated for 30 min in the presence of 100 nM FAM-NPPC and 1 lM unlabeled NPPC. The fluorescence intensity (green) in cumulus cells was analyzed after background subtraction, which represents the binding affinity of NPR2 for NPPC.
Measurement of the Binding Affinity of NPR2 for NPPC in Crude Membranes
A total of 300 COCs in each treatment was collected from eCG-primed mice, and then lysed by ultrapure water. The crude membranes were incubated with 0.5 mM MgCl 2 , 10 nM CaCl 2 , and 25 nM FAM-NPPC for 4 min to test the time course of NPPC binding to NPR2. After that, 2.5 lM unlabeled NPPC was added to the suspension for competition binding. The binding affinity of NPR2 for NPPC was detected by fluorescence polarization using SpectraMax M5 Microplate reader (Molecular Devices, Downingtown, PA). The fluorescence-labeled ligand without the receptor (free ligand) shows low P (a ratio of light intensities), while the ligand bound to the receptor gives high P. To examine the direct effect of magnesium ions on the affinity of NPR2 for NPPC, the crude membranes were incubated with 10 nM CaCl 2 and 25 nM FAM-NPPC, supplemented with different concentrations of MgCl 2 [28] .
Immunoprecipitation of NPR2 from COCs
COCs were collected from eCG-primed mice, or from eCG-primed mice followed by hCG treatment for 2 h for immunoprecipitation of NPR2. In some experiments, COCs isolated from eCG-primed mice were cultured in the maturation medium containing 30 nM NPPC, supplemented with or without 10 ng/ml EGF for 2 h before immunoprecipitation. A total of 300 COCs was used in each group. NPR2 was immunoprecipitated as reported before [17] . Briefly, COCs were diluted to 200 ll in immunoprecipitation buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 50 mM NaF, 10 mM NaH 2 PO 4 , 2 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 lM microcystin-LR, and protease inhibitors. These samples were incubated with 0.3 ll of rabbit polyclonal NPR2 antiserum provided by Lincoln R. Potter [17] for 1 h at 48C, and then with 12.5 ll of washed protein AG magnetic beads (Thermo Fisher Scientific, Rockford, IL) overnight at 48C. The beads were washed and resuspended in Laemmli sample buffer. Protein was eluted by heating at 1008C for 10 min.
Western Blot Analysis
The Western blot was carried out by electrophoresis on SDS-PAGE gels, as reported before [17] . Immunoprecipitated NPR2 was electrophoresed with a 5% stacking gel for 40 min at 60 V, and a 6% separating gel for 2 h at 90 V. Protein was then transferred to a PVDF membrane for 1 h with 100 V at 48C. After blocking with Tris-buffered saline (pH 7.4) containing 0.1 % Tween-20 and 2% milk for 2 h at room temperature, the membranes were incubated with NPR2 antiserum (1:10 000) overnight at 48C, and then with a 1:500 dilution of Clean-Blot IP Detection Reagent coupled to HRP (Thermo Fisher Scientific) for 1 h at room temperature. The specificity of NPR2 antiserum was validated by Egbert et al. [17] . Blots were processed using the enhanced chemiluminescence detection system (Millipore Corp.). At the same time, we used the same number of COCs to measure GAPDH as a control. Samples were collected from different treatments, and then lysed in Laemmli sample buffer without immunoprecipitation. The proteins were separated by electrophoresis on SDS-PAGE gels with a 5% stacking gel for 40 min at 60 V, and a 10% separating gel for 1.5 h at 100 V, and then transferred to a PVDF membrane for 1 h with 100 V at 48C. Blots were probed with anti-rabbit GAPDH monoclonal antibody (1:2000; Cell Signaling Technologies, Danvers, MA) overnight at 48C, and then incubated with goat anti-rabbit IgG (1:5000; Pierce Biotechnology Inc., Rockford, IL) for 1 h at room temperature.
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Determination of cGMP Levels in COCs
For the measurement of cGMP, 100 COCs in each group were collected after 2 h of culture with different treatments, as described before [4] . After being washed with PBS, the samples were solubilized in 200 ll of 0.1 M HCl on ice for at least 10 min and then snap frozen in liquid nitrogen and transferred into the À808C freezer until cGMP assay. Samples were thawed and centrifuged at 12 000 3 g for 5 min, and the supernatant was collected in a tube and dried in an oven at 608C. The levels of cGMP were then determined using cGMPenzyme immunoassay kits obtained from Cayman Chemicals (Ann Arbor, MI).
Statistical Analysis
All experiments were performed at least three times, and the values were given as the mean 6 SEM. The results of a representative experiment were presented. The proportional data were subjected to an arcsine transformation, and significant differences among experiment and control groups were analyzed using ANOVA test (SAS Institute, Inc., Cary, NC). Differences were deemed as statistically significant at P , 0.05.
RESULTS
Effect of LH Receptor Activation on Intracellular Calcium Levels of Cumulus Cells and the Binding Affinity of NPR2 for NPPC
The calcium and the binding affinity of NPR2 for NPPC in COCs from eCG-primed mice with or without hCG treatment were measured by using Fluo 3-AM and FAM-NPPC, respectively. The calcium fluorescence intensity (pseudocolor) was very weak in cumulus cells of COCs before hCG treatment (Fig. 1A) , but significantly increased after hCG treatment (Fig.  1B) . On the contrary, the green fluorescence intensity of FAM-NPPC was high in cumulus cells before hCG treatment (Fig.  1C) , but significantly decreased after hCG treatment (Fig. 1D) . Unlike that of calcium fluorescence, high-magnification imagery showed that the fluorescence of FAM-NPPC was located on the plasma membrane of cumulus cells (Fig. 1C) . As seen in Figure 3B (NPPC treatment), unlabeled NPPC (1 lM) could decrease the fluorescence intensity, suggesting that FAM-NPPC binding is specific. Furthermore, FAM-NPPC showed the inhibitory effect on oocyte meiotic resumption (Supplemental Fig. S1 , available online at www.biolreprod. org), indicating that FAM-NPPC binds to NPR2 of cumulus cells. Although FAM-NPPC may also bind to NPR3 as NPPC [30] , the expression of Npr3 mRNA is low in cumulus cells [31] . Thus, the green fluorescence intensity of FAM-NPPC represents the binding affinity of NPR2 for NPPC. The oocytes showed slight fluorescence of FAM-NPPC, since they do not express NPR2 [4] . These results indicate that there is an obvious negative relationship between the intracellular calcium levels and the binding affinity of NPR2 for NPPC in cumulus cells. However, treatment with hCG had no obvious effect on the total amount of NPR2 protein in mouse COCs (Fig. 1E) as reported in rat follicles [17] . The two observed immunoreactive bands were consistent with previous studies in mouse and rat granulosa cells, and are likely due to different amounts of glycosylation [17, 32, 33] .
In order to investigate the regulative mechanism of LH receptor signaling on intracellular calcium levels and the binding affinity of NPR2 for NPPC, large antral follicles isolated from eCG-primed mice were cultured with different drugs for in vitro analysis. Consistent with that in vivo analysis, the activation of the LH receptor by LH significantly increased calcium levels of cumulus cells (Fig. 2, A and C) , but decreased the binding affinity of NPR2 for NPPC (Fig. 2, B and D). These effects of LH could be reversed completely by AG1478 (Fig. 2) , indicating that LH acts through EGF receptor signaling. Next, we studied the effect of LH-elevated calcium on the binding affinity of NPR2 for NPPC. TMB-8, an intracellular calcium mobilization inhibitor [34] , completely blocked LH-elevated calcium in cumulus cells, and the binding affinity of NPR2 for NPPC increased at the same time (Fig.  2B) . TMB-8 also inhibited LH-induced meiotic resumption of oocytes within the follicles (Fig. 2E) . These results suggest that 
EGF-ELEVATED CALCIUM DECREASES NPR2 AFFINITY
LH receptor signaling-mobilized intracellular calcium of cumulus cells results in the decrease of the binding affinity of NPR2 for NPPC and in oocyte meiotic resumption. LH induced meiotic resumption of oocytes, even in the presence of 100 nM NPPC (Fig. 2E) , suggesting that LH-induced inactivity of NPR2 is enough to stimulate meiotic resumption.
Effect of EGF-Elevated Calcium on the Binding Affinity of NPR2 for NPPC
The elevation of calcium levels by LH through the EGF receptor could decrease the binding affinity of NPR2 for NPPC in cumulus cells from cultured follicles. Here, we used COC culture to further study the effect of EGF receptor signaling on the binding affinity of NPR2 for NPPC. As previously reported [26, 35] , the activation of EGF receptor by EGF elevated intracellular calcium levels of cumulus cells (Fig. 3, A and C) . EGF also decreased the binding affinity of NPR2 for NPPC in cumulus cells, which could be reversed by TMB-8 (Fig. 3, B and D). Moreover, the elevation of intracellular calcium of cumulus cells by thapsigargin, a calcium-ATPase inhibitor, to deplete intracellular calcium store and thus elevate calcium levels [36] , decreased the binding affinity of NPR2 for NPPC (Fig. 3, B and D) . These results indicate that EGF-elevated calcium of cumulus cells decreases the affinity of NPR2 for NPPC. In NPPC-mediated meiotic arrest of cultured COCs, TMB-8 inhibited EGF-induced meiotic resumption, but thapsigargin promoted meiotic resumption in a dose-dependent manner (Fig. 3F) ; however, TMB-8 had a slight inhibitory effect on spontaneous meiotic resumption. Thus, LH-dependent EGF receptor signaling-mobilized intracellular calcium of cumulus cells results in the decrease of NPR2 affinity for NPPC and meiotic resumption. Similarly, EGF did not change the total amount of NPR2 protein (Fig. 3E) . It is reported that PMA may decrease the binding affinity of NPR2 for NPPC in a 293T cell line stably expressing NPR2 [16] . In the present study, 100 nM PMA had no effect on NPR2 affinity for NPPC in cumulus cells (Fig. 3B) . In a previous study, a concentration FIG. 2. Effect of AG1478 and TMB-8 on LH-mediated calcium elevation and NPR2 affinity decrease. Preovulatory follicles were isolated from eCGprimed mice, and cultured with the maturation medium only, supplemented with 1 lg/ml LH, 1 lM AG1478, 60 lM TMB-8, and/or 100 nM NPPC for indicated times. A and C) Fluorescence images show the intracellular calcium levels in cumulus cells (A) and statistical analysis (C). Bars ¼ 100 lm. Graphs show mean 6 SEM of three independent replicates; n ¼ 25 for each treatment across all three replicates. Values not indicated by the same letter are significantly different (P , 0.05). AG, AG1478. B and D) Fluorescence images show the binding affinity of NPR2 for NPPC in cumulus cells (B) and statistical analysis (D). Bars ¼ 100 lm. Graphs show mean 6 SEM of three independent replicates; n ¼ 30 for each treatment across all three replicates. Values not indicated by the same letter are significantly different (P , 0.05). E) The proportion of oocytes having undergone GVB was determined at 4 h of culture. Graphs show mean 6 SEM of three independent replicates; n ¼ 40 for each treatment across all three replicates. Values not indicated by the same letter are significantly different (P , 0.05).
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FIG. 3. Effect of EGF-elevated calcium on the binding affinity of NPR2 for NPPC and oocyte meiotic resumption. A and B)
COCs isolated from eCGprimed mice were cultured in the maturation medium containing 30 nM NPPC only, supplemented with 15 lM thapsigargin, 10 ng/ml EGF, 60 lM TMB-8, and/or 100 nM PMA for indicated times. Fluorescence images show the intracellular calcium levels (A) and the binding affinity of NPR2 for NPPC in cumulus cells (B). Bars ¼ 100 lm. TG, thapsigargin. C) Statistical analysis for the fluorescence intensity of calcium. Graphs show mean 6 SEM of three independent replicates; n ¼ 25 for each treatment across all three replicates. Values not indicated by the same letter are significantly different (P , 0.05). D) Statistical analysis for the fluorescence intensity of NPR2 affinity for NPPC in cumulus cells. Graphs show mean 6 SEM of three independent replicates; n ¼ 30 for each treatment across all three replicates. Values not indicated by the same letter are significantly different (P , 0.05). E) Representative Western blots of NPR2 in COCs from eCG-primed mice with or without EGF treatment. GAPDH was used as a control. F) The dosedependent effects of TMB-8 and thapsigargin on oocyte meiotic resumption. The effect of TMB-8 (60 lM) on oocyte spontaneous maturation was also studied. The proportion of oocytes having undergone GVB was determined at 4 h of culture. Graphs show mean 6 SEM of three independent replicates; the median number of oocytes in each group was 180 across all three replicates. Values not indicated by the same letter are significantly different (P , 0.05).
EGF-ELEVATED CALCIUM DECREASES NPR2 AFFINITY
of 100 nM of the same preparation of PMA was sufficient to promote meiotic resumption of porcine oocyte [37] .
Effect of Magnesium Ions on the Binding Affinity of NPR2 for NPPC in Cumulus Cells and Oocyte Meiotic Resumption
Based on analogy to adenylyl cyclase, there are presumably two magnesium ions in the guanylyl cyclase domain dimer of NPR2 [38] . Indeed, magnesium ions are required for maximum hormone-dependent stimulation [12] . In the present study, we measured the effect of magnesium ions on the function of NPR2 during COC culture in the basic medium. The removal of magnesium ions from the basic medium (Mg 2þ free), or the increase of calcium concentration to 4 mM, resulted in the decrease of NPR2 affinity for NPPC in cumulus cells (Fig. 4, A  and B) . Furthermore, the decreasing magnesium ions or increasing calcium ions in the culture medium could reverse NPPC-mediated meiotic arrest (Fig. 4C) . These results indicate that magnesium ions, showing the opposite effect of calcium ions, are required to maintain NPR2 activity for meiotic arrest.
Effect of Magnesium Ions on the Binding Affinity of NPR2 for NPPC in Crude Membranes by Using Fluorescence Polarization System
To investigate whether NPR2 affinity for NPPC was directly influenced by magnesium ions, we used crude membranes to carry out affinity experiments. The time course of FAM-NPPC binding to NPR2 was measured using the fluorescence polarization system. FAM-NPPC was rapidly associated with the receptor and reached a higher level at 4 min, but was rapidly dissociated when an excess amount of unlabeled NPPC (2.5 lM) was added into the medium (Fig.  5A) , suggesting that the binding affinity of FAM-NPPC for NPR2 is specific. The affinity was very low when magnesium ions were absent in the medium, but gradually increased with adding magnesium ions to the medium (Fig. 5B) . The suitable concentration of magnesium ions was 0.5 mM. These results indicate that magnesium ions directly increase the binding affinity of NPR2 for NPPC, possibly by maintaining the functional conformation of NPR2. 
Effect of Calcium and Magnesium Ions on cGMP Levels in COCs
The increase of cGMP levels in COCs after NPPC treatment is indicative of functional NPR2 being a guanylyl cyclase. Consistent with previous studies [4, 7] , the cGMP levels in COCs were increased by NPPC treatment for 2 h (Fig. 6A) . EGF decreased NPR2-produced cGMP levels in response to NPPC, which could be reversed by TMB-8 (Fig. 6A) . Furthermore, the elevation of intracellular calcium levels of cumulus cells by thapsigargin decreased cGMP levels (Fig.  6A) . These results indicate that EGF mobilizes intracellular calcium of cumulus cells to decrease NPR2 activity, which is required for meiotic resumption.
Next, we used COCs cultured in the basic medium to examine the effects of calcium and magnesium ions on NPR2 function in cumulus cells. In control containing 0.5 mM CaCl 2 and 0.5 mM MgCl 2 , NPPC dramatically increased cGMP levels in COCs (Fig. 6B) . However, the elevation of calcium concentration to 4 mM, or the removal of magnesium ions from the basic medium, could significantly decrease NPR2-produced cGMP levels in response to NPPC (Fig. 6B) , suggesting that magnesium ions are required for NPR2 guanylyl cyclase activity.
DISCUSSION
Oocytes within preovulatory follicles maintain meiotic arrest by NPR2-produced cGMP in response to NPPC [4, 39, 40] . Stimulation of LH receptor with either LH or hCG rapidly decreases NPR2 activity and cGMP levels in somatic cells, thus releasing the cGMP-mediated inhibition of meiotic arrest [9, 10] . In the present study, activation of LH receptor signaling elevated intracellular calcium levels of cumulus cells, but decreased the binding affinity of NPR2 for NPPC, in agreement with previous studies that hormone treatment increases the effective NPPC concentration required to activate NPR2 to half its maximum level [16] . On the other hand, the activation of LH receptor also decreases the phosphorylation levels of NPR2 in follicle cells [17] . Therefore, LH receptor signaling decreases the affinity and the phosphorylation levels of NPR2, both of which could be involved in reducing NPR2 activity, resulting in cGMP decrease and meiotic resumption. 
EGF-ELEVATED CALCIUM DECREASES NPR2 AFFINITY
The LH receptor signaling is amplified by the transactivation of EGF receptor in cumulus cells [18, 19, 23, 41] . EGF receptor-dependent events are involved in NPR2 inactivation, resulting in rapid decrease of cGMP and meiotic resumption [22, 26] . In our study, LH receptor signaling elevated calcium, but decreased the binding affinity of NPR2 for NPPC in cumulus cells, which could be reversed completely by AG1478, consistent with previous studies indicating that LH receptor signaling acts through the activation of EGF receptor [23] . Further study showed that the activation of EGF receptor in cumulus cells by EGF caused calcium elevation, NPR2 affinity decrease, cGMP decrease, and meiotic resumption. All these effects induced by EGF could be mimicked by thapsigargin, but reversed completely by TMB-8, suggesting that EGF receptor signaling decreases NPR2 affinity and induces meiotic resumption by mobilizing intracellular calcium of cumulus cells. There was no change in the total amount of NPR2 protein after hormone treatments, indicating that the decrease of NPR2 affinity for NPPC is not due to the decrease of NPR2 protein. Previous studies have indicated that a calcium-elevating agent increases the effective NPPC concentration required to activate NPR2 to half its maximum level in a 293T cell line [16] , and the present findings are a direct demonstration that a physiological calcium signaling initiated by EGF reduces the affinity of NPR2 for NPPC to decrease cGMP levels.
LH treatment rapidly induces the dephosphorylation of NPR2 in rat follicle cells [17] , which is most likely regulated by EGF-like growth factors, including amphiregulin, epiregulin, and betacellulin, to activate EGF receptor [25, 33] . The activation of EGF receptor by EGF elevates intracellular calcium of cumulus cells to inactivate NPR2 [26] . In the present study, EGF-elevated calcium decreased NPR2 affinity for NPPC in cumulus cells. It is reported that elevated calcium could also decrease NPR2 phosphorylation levels in 293T cells [16] . We sought to examine the effect of EGF-elevated calcium on NPR2 dephosphorylation; however, with the available antibodies, it was not possible to detect NPR2 phosphorylation in mouse granulosa cells. Anyway, the blockade of NPR2 dephosphorylation does not completely prevent the cGMP decrease in rat follicle cells [17] and the resumption of meiosis in Npr2-7E/7E mice [33] . Hence, there are possibly two mechanisms for elevated calcium reducing NPR2 activity in granulosa cells-one is the decreasing NPR2 affinity for NPPC and one is the decreasing NPR2 phosphorylation levels-both of which could result in the reduction of NPR2 activity that causes meiosis to resume in the oocyte. Further studies will be required to elucidate whether NPR2 dephosphorylation reduces its affinity for NPPC.
NPR2 contains presumably two magnesium ions, which are thought to result in maximum hormone-dependent stimulation [13] . In the present study, the removal of magnesium ions from the basic medium resulted in reducing NPR2 affinity and cGMP levels. Furthermore, magnesium ions increased NPR2 affinity in crude membranes. The present findings are a direct demonstration that magnesium ions are required for maintaining functional NPR2 by enhancing NPR2 affinity for NPPC. However, unlike in cumulus cells, the elevated calcium could not decrease NPR2 affinity in crude membranes (data not shown), indicating that calcium decreases the affinity of NPR2 for NPPC indirectly. It seems that calcium changes the extracellular domain of NPR2, which results in the decrease of its binding affinity for NPPC; this is in need of further study.
Luteinizing hormone-induced NPR2 dephosphorylation in granulosa cells contributes to cGMP decrease and meiotic resumption. Here, we show that LH-dependent EGF receptor signaling mobilized intracellular calcium of cumulus cells to reduce NPPC-NPR2 interaction, by which EGF receptor signaling participated in the induction of oocyte meiotic resumption. The timing of meiotic resumption and ovulation is so critical that multiple pathways may have evolved into the fail-safe mechanism to ensure normal female fertility.
